Anodization of die-casted AZ91D magnesium alloy was carried out using silicate based electrolyte solution instead of fluoride based solution to improve biocompatibility of oxidized layers. The anodic layer obtained from silicate based solution has smaller size of pore and smoother surface, resulting in lower corrosion rate in simulate body solution (SBF). Effect of enhanced structural and chemical properties in oxidized layer on biocompatibility was carefully considered.
Introduction
Bio-inert metals 1, 2) such as titanium alloys and stainless steel have been widely used as an implantation material in human body. However, these materials need to be removed through secondary surgery, which may be risky and cause an economic burden to the patient 3) . Magnesium (Mg) alloys are degradable implant materials that degrade in the body within a certain time span after surgery. In addition, Mg alloy matches the mechanical properties of human bone, and also the elastic modulus of pure magnesium is reported as 45G Pa, similar to that of human bone that ranges from 40 to 57 GPa. Furthermore, Mg is advantageous since it is an essential element to form new bone tissue 4) . F. Witte explained the degradation process of magnesium in the human body in his study by building implantable multi-porous scaffolding to substitute cartilage and implanting the magnesium scaffolds within an animal body 5, 6) . Oleg I.
Velikokhatnyi also performed his studies on calcium-, zinc-, aluminum-, yttrium-and iron-doped magnesium alloys 7) . Although magnesium metal alloys have attracted a great amount of attention for their many advantages as mentioned above, there are two important drawbacks as biomaterials. First, due to their low corrosion resistance, they exhibit fast degradation in the body. Second, such fast corrosion produces hydrogen gas (H 2 gas) at an early stage and causes the necrosis of skin or bone tissue 8) . To solve such problems of fast corrosion and inflammatory responses to bio-degrading magnesium, many studies were conducted with regard to manufacturing Mg alloys and surface treatments for the manufactured Mg alloys. In the magnesium alloy manufacturing, duad elements with high biocompatibility such as Calcium and Zinc (Ca & Zn) were included to produce metal casting alloys to control the corrosion speed and mechanical strength of the magnesium alloys 9) , and the surface treatment studies on highpolymer coatings and ceramic coatings were conducted. Especially, of the surface treatments, the anodizing method has been widely studied since the method enables to control the corrosion rate of magnesium while not changing the properties of magnesium [10] [11] . The spark anodizing method of the micro arc oxidation (MAO) or plasma electrolytic oxidation (PEO) by loading high voltage to produce sparks has been the focus of the past 10 years. In the spark anodizing process, fluoride is added to an electrolyte solution to produce sparks. Fluorides are known to cause inflammatory responses within the human body and cause the problem of necrosis of bone tissues [12] [13] . In this study, the inflammatory response improvement and corrosion speed control of the Mg alloy were reviewed. Therefore, this study directed the study to improve bio-compatibility by reducing the inflammatory responses of human body against fluorides by replacing fluoride additives with silicate additives. In addition, the spark anodizing electric current and voltage conditions were improved not only to prevent the necrosis of bone tissue, but also to progress a study of reviewing morphological changes of bio-degraded Mg oxidation film. To confirm the change in electrolytes and the effect of the anodizing process, morphological analyses were conducted using an electron scanning microscope. To observe the corrosion characteristics within the human body, the potential dynamic curve analyses were made using Hank's simulated body fluid solution. Finally to confirm the biocompatibility, a cytotoxicity evaluation was made using L929 cells.
Materials and method
In this study, the magnesium alloy of AZ91D (KMI Co., Ltd. Republic of Korea) was used. Table 1 lists the composition of the magnesium alloy that was used in this study. Each sample was sliced as the size of a 30 × 10 × 3 mm block, and the surface of each block was polished using SiC polishing paper #1000 to remove the oxidation film and to remove contaminants on the material surface. After removal, each block was washed using ethanol. This study was performed by preparing the samples under the following 3 conditions, which included Non-anodized samples(None), PEO samples that were anodized using the electrolyte that included fluoride compounds(Fluo) and PEO samples that were anodized using newly developed silicates electrolyte instead of fluorides(Sili).
PEO (anodizing process)
The newly developed anodizing process (Sili) used the silicate based electrolyte solution, which was composed with 30 -50 g/L of Na 2 SiO 3 , 15 -30 g/L of KOH, 15 -30 g/L of NaOH and 1 -10 g/L of Na 3 PO 4 . The spark anodizing jig specimens were manufactured of titanium to fix the magnesium alloys to be used as the anode, and the cathode was also prepared using titanium material. Titanium is widely used since it is the appropriate material for anodizing. Moreover, it would not incur a reaction even if the electrolyte is adhered or electricity is passed through. The distance between both poles was set at 15 cm and fixed in parallel to continue the reaction uniformly. Also, the electrolytic bath of electrolyte solution was maintained at the temperature range of 15 -25ºC using a circulation pump. As a rectifier, the Direct Current rectifier was used, and the voltage was maintained around the arc producing voltage at 198V (the lowest voltage to form the arc in this experiment) and the electric current was fixed at 1 -2 A/dm 2 to conduct anodizing for 10 minutes. The anodizing process with fluoride(Fluo) added was composed of 15 -20g/L of KOH, 30 -40 g/L of KF, and 30 -40 g/L of Na 3 PO 4 by adding hydrofluoric acid instead of silicates, and the electrolyte composition was slightly modified for the anodizing reaction. The experiment was performed by varying the compositions in the solution after uniformly maintaining the voltage at 220 V. Other than that, experiments were performed under the same conditions.
Characterizations
The experimental samples were divided into two different groups; the one without any treatment, and the other with corrosion modification. The corroded samples were immersed in the Hank's solution that was placed at a constant temperature of 37ºC maintained thermos-hydrostat. After the processing, all of the samples in each group were mounted using a cold epoxy mounting resin (Allied High Tech) and polished to eliminate contaminations over the surface.
During the treatment procedure of the samples, ethanol was used as a polishing solution to prevent corrosion that could be caused by water. A scanning electron microscope (SEM; NOVA 600, FEI) was used to analyze the thickness and cross sectional characteristics of anodized oxidation film before and after the corrosion. In using the energy dispersive spectra (EDS; QUANTAX 6l60, Bruker) and electron probe micro-analysis technique (EPMA; SX-100, CAMECA), quantitative elemental analyses were performed, and x-ray diffraction surface image analyses were carried out using an x-ray diffractometer (XRD; X'pert PRO, PANalytical) before and after the corrosion. Morphology of the microscopic area and image of the anodized oxidation film were analyzed using a transmission electron microscope (TEM; TECNAI, FEI).
Corrosion tests 2.3.1 Potentiodynamic polarization
The electrochemical analyses for the total 3 types of oxidation films of the samples (2 anodized samples and 1 non-surface treated sample) were made by measuring the potentiodynamic polarization curve of the exposed sample area of 1 × 1 cm 2 in 20ºC Hank's solution. Prior to the measurement, samples were exposed in the solution for 30 minutes in order to stabilize the open circuit potential 15) . As the reference electrode, Ag/AgCl electrode was used and platinum electrode was used as a counter electrode. The potentiodynamic polarization test was made by calculating the polarization electric current density and polarization potential using Tafel's method after reviewing the results that were gathered by varying the open circuit potential range from -250 mV to 250 mV with a scanning speed of 0.166 mv/sec using the Potentiostat/Galvanostat (EG&G model 273, Princeton Applied Research).
Cytotoxicity assay
The cytotoxicity test was implemented by an indirect method. 3 prepared samples (None, Fluo and Sili) were immersed in the 37ºC of a-MEM solution for incubation and eluted for 1, 3, and 7 days (0.2 g/L), respectively. The eluted solution was diluted down to 1% using a DMEM solution and a 10% FBS media was added for the sterilization and refrigeration storage of the samples.
The L929 Cells were seeded in 96-well culture plate at a density of 7X10³cells/100ul in the DMEM medium supplemented with 10% FBS and cultured for 24 hours. After 24 hours, the medium was changed to the extraction medium with 10% FBS and incubated for 24 hours. After incubation, the number of cells was determined by the CCK-8 assay. The cell viability was measured at 410 nm in a microplate reader.
Results and discussion
3-1. Coating Morphology and element distribution Although magnesium corrosion commonly progressed from the surface following the pitting corrosion model, the anodized magnesium shows the progression of internal since the pores that exist at the anodized film act as passages for air and solution, and the hydrogen gas (H 2 gas) product that was formed by the corrosion reaction may escape from the surface through pore channels that were created by anodized film 18) . The anodized film thickness and pore size that play important roles in the corrosion reaction were observed by the SEM. As shown in the (a) and (b) of Figure 1 , the mean anodized film thickness was evenly ranged by about 6 μm thickness. However, the samples that were prepared by the Sili anodizing process revealed to show a more even surface shape compared to the samples that were prepared by the Fluo anodizing process by showing fewer pore counts and a smaller pore size at the anodized surface. Especially, the anodizing result of Figure 1(a) shows the presence of micro-pores with pore sizes of about 5 -20 μm, but Figure 1 (b) resulted to show the presence of small pores with a size of 0.1 -0.5 μm. As the causes that may have effects on pore sizes and on the crater-like holes, the arc producing step during the anodizing process had a large impact on the size of the arc 16) . In addition, when the silicate solution was used for magnesium anodization, not only anodized film with the composition of MgO can be produced, but also the oxidation product of Mg 2 SiO 4. It can be produced to decrease the surface roughness of the anodized materials, and it also reduces pore sizes [19] [20] . Existence of silicon on the oxidation film was confirmed by the EDS analysis.
The chemical reaction for the reaction products that can be produced using the silicate solution can be simply represented as follows. This study (sili anodizing process) used the Na 2 SiO 3 solution to increase the biocompatibility and control the pore size. Moreover, the composition of electrolytic solution and strength of voltage were adjusted to the level to form micro-arcs and the oxidation films with smaller pores than the oxidation films with Fluo anodizing process. Each sample was placed in Hank's solution for corrosion observation for 10 days, and the corrosion behaviors of the anodized samples were confirmed by SEM observation of a specimen cross section. In the case of a nonanodizing treated sample (None), corrosion progressed; cracks and oxide layer were formed as shown in Figure 2 (a) . The results suggest that there was an occurrence of magnesium alloy corrosion with crack 25) . In contrast to that, in case of the anodized sample (Fluo, Sili) did not show any significant differences in surface roughness, internal pore sizes and thickness of oxide film as shown in Figure 2 According to the results of the EPMA shown in Figure 3 , with the Sili anodizing process, the oxygen content of the anodized oxidation film was 64.96%, but with the Fluo anodizing process, the oxygen content showed 53.58% of the oxygen ratio which is 11.38% lower than the oxygen content of the Sili anodized oxidation film. The effects of SiO 3 2-compounds other than OH -compounds can be one of the causes for such differing oxygen content. In the Sili anodizing process, not only the MgO compounds, but also the Mg 2 SiO 4 compounds are formed due to the effects of a silicate solution that was used for the preparation of the electrolyte solution, but in the Fluo anodizing process, only the MgO compounds were formed showing an 11.38% difference of oxygen content between the Sili and Fluo anodizing process. In addition, the ratio of Mg and O was found to be 1 : 1.89 (1 : 1.17 for Fluo anodizing process) showing a higher rate of oxygen. Another cause is considered to be the vapor amount that is presented in the anodized oxidation film. It is known that when anodizing oxidation reaction occurs vapor is incorporated in anodized oxidation film and is evaporated affecting the formation of pores 18) . Accordingly, the oxygen content was found to be higher at the anodized oxidation film instead of showing a 1 : 1 ratio.
From the EPMA mapping results, both samples resulted in showing the presence of a layer between the magnesium alloy and anodized oxidation film, which was not possible to confirm its identity using the SEM. The layer showed a relatively lower oxygen and higher magnesium content compared to the anodized oxidation film by showing a uniform thickness of about 1um. The layer may be considered a layer that was formed when the anodized oxidation progressed inside of the magnesium alloy rather than the anodized oxidation film layer that was formed by the arc. However, there seems a difficulty in simply considering it as the above view due to the insufficiency of solid proof that could be delivered using the SEM and EPMA analyses results. Therefore, we confirmed the identity of the layer by carrying out the TEM work.
Phase composition
Magnesium alloys produce oxide of MgO and Mg(OH) 2 by corrosion reaction or by anodizing reaction 21, 23) . In this study, the oxide layer of the newly improved Sili anodizing process was considered to be formed by MgO and Mg(OH) 2 crystallines too, but Figure 4 of the XRD analyses results showed the very fine presence of main peak (42.9º) that indicates the crystalline orientation of MgO(200), and no crystalline peak for other MgO was observed. From the XRD results of the Fluo anodizing process, the MgO peak was also observed, which enabled one to consider that the oxide layer may be formed by MgO crystalline. However, the XRD results for the non-treated sample(None) were corroded in Hank's solution for 10 days, and the presence of other peaks were not observed other than the Mg peak. Although the corrosion oxide layer was confirmed in Figure 2 , according to the XRD analysis results, it could be attributable to the fact that the thickness of the oxide layers that was observed at the anodizing sample and the corrosion sample was so thin to show the crystalline information for the internal magnesium alloys instead of showing the crystalline information for the oxide layer. Therefore, this study performed TEM analyses for correct analyses by considering the possibility that the XRD information of the Sili anodizing process may be wrong.
TEM work
Firstly, it was possible to conduct an analysis on the image difference of the anodized oxidation film of Figure 1 through the TEM analysis. The oxide layer generated by Fluo anodizing process (a) and the other oxide layer generated by Sili anodizing process (b) showed a large difference as presented in Figure 5 . When viewing the image (a), there were pores in the shape of cavities with a maximum size of 2-3 μm in diameter, but the image (b) only resulted to show micro pores with a maximum size of 0.2 μm in diameter. These results above complement the SEM analysis results of Figure 1 . The other difference is that the oxide layer of the Fluo anodized samples were formed with micro structures (~0.1 μm) with several crystalline orientations showing different tissue colors in each image as shown in the area 1 of Figure 5(a) , while the anodized oxidation film layer that was formed by the sili anodizing process showed a uniform shape as the layer was uniformly formed by a single structure other than pores. In addition, the surface shape of the image (a) & (b) resulted in showing rough and unequal surface shapes in (a), while the image (b) resulted to show even and equal surface shape. The cause of such a difference may be attributable to the composition of the electrolyte solution and the voltage control and electric current condition that was used for each anodizing process. Especially, the largest difference was observed at the size of the pores and surface uniformity. It was possible to confirm the superior aspect of the silicate solution for anodization.
Secondly, through the SAD analysis that was provided at Figure 5(a) & (b) , it was possible to solve the doubt of phase analysis in Figure 4 . Although Figure 5 (a) revealed the presence of a micro crystalline structure, it was also able to confirm the presence of MgO crystalline all over the anodized oxidation film. However, Figure 5 (b) revealed that 60% of the anodized oxidation film was composed of an amorphous structure ( Figure 5(b) , SAD-2 and HR). In the results of 2 anodized oxidation, it was found that the anodized oxidation film formed the microcrystalline or amorphous structure, failing to grow into MgO crystalline. This is because the voltage strength was lowered to reduce the size of the pores, and as the quenching effect, the temperature of the electrolytic bath was quickly lowered and electrolyte solution was hardened.
Thirdly, the layer between the alloy and oxidation film that was referred to in Figure 3 was confirmed to be formed by a MgO nanocrystalline structure without having pores unlike the anodized oxidation film. Through the crystalline structure and morphology observation, it was confirmed that the dense layer was formed by internal corrosion instead of anodizing oxidation. As the characteristics of the layer, it could be suggested that the layer acts as a protective film for the internal magnesium alloy at the time of corrosion [21] [22] . Fourthly, as shown in the Table 2 , the sample that was produced using the Fluo anodizing process confirmed the presence of a small quantity of fluorine that was not gathered by EPMA analyses, and it also confirmed a small quantity of hydrofluoric acid additive that is harmful to the human body remaining in the anodized oxidation film.
Bio-corrosion behavior
Potentiodynamic polarization To reveal the electrochemical behavior of the anodized oxidation film, the potentiodynamic polarization of each sample was measured and provided the polarization potential and polarization electric current density as in Table 3 , and Figure 6 illustrated the Tafel analysis results in graph 24) . Non-anodized sample and those of anodized samples that use each anodizing process resulted to show different polarization potential and polarization electric current density depending upon its type. Non-anodized sample resulted in a higher polarization electric current density and a lower polarization potential compared to the anodized samples, which indicates further progression of corrosion compared to the anodized samples. In the case of the anodized samples, no significant difference in polarization electric current density and polarization potential was observed regardless of the treatment method.
Although the samples that were treated by Sili anodizing process resulted in a slightly lower polarization potential compared to the samples that were treated by the Fluo anodizing process, nearly no sample corrosion had progressed as it was confirmed in Figure 2 . As its cause, it is considered that the dense layer that was confirmed at the EPMA mapping and TEM image may play a large role in that. As it was already stated, the dense layer does not have pores and has a micro crystalline structure by playing the role as protector of the internal magnesium alloy since it is densely concentrated. Through the potentiodynamic polarization, it was found that the Sili anodizing process did not have any significant difference in corrosion reaction speed compared to the typical Fluo anodizing process, and both methods were confirmed to be the anodizing processes that show similar biodegradability in the simulated body fluid (SBF).
Cytotoxicity assay
The cytotoxicity test is used as an important evaluation parameter to determine where the magnesium anodizing material can be used as a biocompatible material. The results of the cytotoxicity test performed using the indirect method on the first, 3 rd and 7
th day was represented in Figure 7 . The material could be applied as a biocompatible material when the cell survival ratio exceeds 85%.
In cases of the non-anodized sample, it was confirmed that the cell survival ratio was reduced by magnesium corrosion, and it could not be used as biocompatible material since the cell survival ratio was less than 85% from the first day of the test. A large difference was observed between the samples Table 2 . EDS analysis of the Fluo sample in TEM (refer to Figure 5(a) ) that used the Sili anodizing process and the Fluo anodizing process. From Figure 2 , the SEM test resulted in showing no progression of corrosion until the 10th day of the test in the Hank's solution, and it was possible to confirm its electrochemical stability by viewing Figure 6 . Although it was possible to confirm 90% of the cell survival ratio by the 7th day in the samples that used the Sili anodizing process, the samples that used the Fluo anodizing process resulted in reduction of cell survival down to 40%, which contrarily indicated the progression of magnesium corrosion by showing a lower cell survival rate compared to the magnesium ion eluted non-treated sample. When eluting each sample, only samples that used the Fluo anodizing process resulted in changing the color or media to yellow. It is considered that the remaining small quantity of fluorine at the anodized oxidation film that was confirmed at Table 2 may have accelerated the media change into acidic media through a reaction with the media, and consequently was considered to reduce the cell survival ratio.
Conclusion
This study aimed to control the shape of anodized oxidation film by improving the typically used magnesium anodizing process into a superiorly biocompatible magnesium anodizing process and limiting the use of materials that are toxic. Firstly, a silicate solution was used instead of a hydrofluoric solution to form the even surface shape of the anodized oxidation film and the size of the internal pores were reduced. Since hydrofluoric acid which is harmful to the human body was not used, its biocompatibility was improved. Secondly, the anodizing condition (voltage, electric current, and time) was controlled to reduce pore sizes, and the anodized oxidation film was produced as a nano-crystalline or amorphous structure to produce an anodized oxidation film with excellent mechanical properties.
When compared to the existing Fluo anodizing process, the newly applied Sili anodizing process shows a similar corrosion resistance, but a higher biocompatibility, therefore it is considered to be appropriate for the surface treatment technology of biocompatible metals.
